Appendix Tables
1
Supplemental Information
Specific conductance is given in microsiemen per centimeter at 25 degrees Celsius (µS/cm at 25 °C).
Concentrations of chemical constituents in water are given either in milligram per liter (mg/L) or microgram per liter (µg/L).
Activities for radioactive constituents in water are given in picocurie per liter (pCi/L). 
Abbreviations

Introduction
The U.S. Geological Survey (USGS) provided technical support to the Agency for Toxic Substances and Disease Registry (ATSDR) of the Federal Centers for Disease Control and Prevention in an exposure investigation of groundwater quality from private domestic water-supply wells (hereinafter referred to as "private wells") in the vicinity of petroleum production in southwestern Indiana. The ATSDR was contacted by the Indiana Department of Environmental Management (IDEM) for assistance because analysis of water samples from an IDEM complaint investigation in January 2010 indicated the presence of petroleum hydrocarbons and oilfield brine constituents in private wells (Indiana Department of Environmental Management, 2016) . The purpose of the ATSDR exposure investigation in 2012 was to obtain information about groundwater quality from private wells and provide information for reducing risks from exposure to contaminants in the water (Agency for Toxic Substances and Disease Registry, 2016) . The USGS provided technical support for selection of sample sites, field activities, and collection and analysis of groundwater samples.
Environmental issues of petroleum production are documented by Kharaka and Dorsey (2005) and Kharaka and Otton (2007) . The U.S. Environmental Protection Agency (2012, 2016) , Agency for Toxic Substances and Disease Registry (2010, 2011) , and U.S. Geological Survey (2016a Survey ( , 2016b have ongoing investigations and research regarding these issues. From these references, a conceptual framework was devised to guide the USGS technical support described in this report.
Description of the Study Area
Petroleum oil and natural gas production in southwestern Indiana is part of a regional reserve called the Illinois Basin Oilfield (Higley and others, 2003) that also includes southeastern Illinois and northwestern Kentucky. The Illinois Basin Oilfield also contains quantities of undiscovered, technically recoverable oil and gas resources (Sweezy, 2007 (Sweezy, , 2009 ). The study area included a large part of a the Mt. Vernon Consolidated Oilfield ( fig. 1 ), one of an estimated 50 oilfields in this part of southwestern Indiana (Indiana Geological Survey, 2012) . The part of the Mt. Vernon Consolidated Oilfield served by a public-water system was not included in the study area. Water supply for domestic use in the study area was from private wells. The IDEM private well sample locations from 2010 were in this study area.
Purpose and Scope
The purposes of this report are (a) to describe the methods for sample-site selection, water-sample collection, determinations and analysis of groundwater quality, and quality control (QC); and (b) to present the water-quality and QC data. The methods and data in this report are for groundwater samples from 29 private wells and 11 QC samples from the exposure investigation in 2012. Interpretations of the sources of the constituents in the water samples and health risks associated with constituent concentrations are beyond the scope of this report. 
EXPLANATION
Methods
This section describes the selection of private wells for this study and methods used for sample collection and processing. Methods for determination of water-quality characteristics, analysis of constituents, and preparation of samples for QC are explained.
Private Well Selection
Groundwater supplying private wells in the study area primarily is from a sandstone bedrock aquifer present in southwestern Indiana (Robison, 1977; Unterreiner, 2006) . The Indiana water well database (Indiana Department of Natural Resources, 2012) was consulted for available private well records for the study area. Maps and satellite imagery were used to identify all the residences in the study area, including those that seemed to be described in the well records. This information was used to develop a list of candidates for the exposure investigation. A field reconnaissance of the candidates verified the active condition of private wells and permission from well owners to participate in the exposure investigation. From the candidate list, 29 private wells used for domestic water supply, including 7 of the 10 private wells sampled by the IDEM in 2010, were sampled in 2012 and are discussed in this report. The general locations of these private wells are in figure 2. Information in table 1 includes well depth from a well record or reported by the resident; and the open interval, aquifer type, probable aquifer material, and interval of probable aquifer material if documented in a well record. Information in table 1 confirms that the sandstone bedrock aquifer described by Robison (1977) and Unterreiner (2006) was the primary source of groundwater for the wells.
Water-Sample Collection and Processing
Standard USGS methods were used to obtain groundwater representative of the aquifer, to make field determinations of water-quality characteristics, and to collect and process water samples (U.S. Geological Survey, variously dated; DeSimone, 2009; Koterba and others, 1995) . Raw, untreated, unfiltered groundwater was obtained through the well pump, pressure tank, and household plumbing of the 29 residences. For this purpose, water was obtained from a threaded faucet, which at most residences was an outside faucet. At two residences, the threaded faucet was indoors near the pressure tank. As needed, any water filter was removed and the water softener was bypassed before the faucet was opened. Field personnel attached a single-use fitting to the faucet to which they connected a valved manifold constructed of fluorocarbon resin with fluorocarbon resin tubing and stainless steel connectors. Water was allowed to run through a discharge line from the manifold, and the flow rate was measured with a graduated cylinder and stopwatch.
An electronic multimeter with a four-probe sonde in a flow-through cell was attached to the manifold. The multimeter probes were calibrated with known standards each day. Water was directed through the manifold to the flow-through cell so that probes measured the water-quality characteristics: pH, water temperature, specific conductance, and dissolved oxygen. Turbidity of the water was measured with a portable meter that was calibrated with known standards each day. Values of these five characteristics were recorded every 5 minutes until the values between five or more sequential measurements stabilized. The criteria for stabilized values were pH ±0.1 standard units, temperature ±0.2 degrees Celsius (°C), specific conductance ±3 percent (about 20 to 50 microsiemens per centimeter at 25 °C [μS/cm at 25 °C]), dissolved oxygen ±0.3 milligram per liter (mg/L), turbidity ±10 percent (0.1 to 1 nephelometric turbidity ratio units). Stabilized values of these characteristics indicated water from the plumbing, pressure tank, and standing volumes in the well casing had been purged; and groundwater from the aquifer was flowing through the manifold. At that time, groundwater samples were collected (tables 1-3).
To collect the groundwater samples, the flow rate was reduced to 0.5 liter per minute and the water was directed with the manifold to a dedicated line from which samples were collected by field personnel wearing disposable gloves and using a trace metals protocol. The groundwater samples received processing and preservation as needed and were placed in new sample containers (table 4) . Containers for parameter groups were filled in the following order: dissolved gases, aromatic volatile organic compounds, polycyclic aromatic hydrocarbons, total petroleum hydrocarbons, oil and grease, radioactivity, trace elements, and major ions. Samples were stored in ice chests and shipped to the laboratory each day by overnight delivery. Records for sample site information, field data, analysis request, and chain of custody were completed.
After groundwater was obtained from each well, the manifold, tubing, and flow-through cell were cleaned by pumping or spraying the following sequence of cleaning solutions and rinses: 0.1-percent nonphosphate detergent and deionized (DI) water, DI water, 5-percent hydrochloric acid, DI water, laboratory-grade methanol, and laboratory-grade organic blank water. Cleaned sampling equipment was stored in new plastic bags. 
EXPLANATION
Well and field identification number
Road
PCEI-28
Base modified from Google, 2012
Study area boundary 
Water-Quality Determinations and Analysis
Parameter groups were selected to characterize groundwater quality and include constituents representative of oilfield brine and petroleum hydrocarbons. Four basic parameter groups were analyzed in groundwater samples from all 29 private wells:
1. Major ions are found at different concentrations in freshwater and saline aquifers.
2. Trace elements are found at different concentrations in freshwater and saline aquifers.
3. Gross alpha and gross beta radioactivity are emitted by radioactive elements in water. Some elements have decay products that differ in their emissions of gross alpha and gross beta radioactivity with time, so analysis of water within 72 hours of collection and again after 30 days enabled detection of radioactivity.
4. Aromatic volatile organic compounds are soluble constituents of petroleum. Tentatively identified compounds (TICs) are included, as explained here. The analytical method is sensitive to non-target constituents; and when the instrument response is compared with a digital library of compounds, some of these non-target constituents can become TICs with concentrations estimated.
Following the ATSDR protocol for the investigation, the USGS sampled and analyzed three additional parameter groups in groundwater from a maximum of 10 of the 29 private wells. These 10 private wells were selected based on excessive gas bubbles and observed petroleum odor in the samples.
1. Polycyclic aromatic hydrocarbons include soluble constituents of petroleum from an analytical method group called semivolatile organic compounds.
2. Petroleum hydrocarbons, plus oil and grease, were analyzed by separate, complementary methods. Petroleum hydrocarbon analysis included the diesel oil range (straight chain carbon) C10-C28 hydrocarbons and motor oil range C28-C36 hydrocarbons.
3. Dissolved natural gases include methane, ethane, and ethene.
Analysis of groundwater and QC samples were provided through the USGS National Water Quality Laboratory (NWQL). A list of parameter groups and methods is in table 5. The turnaround time from sample receipt to laboratory reporting was about 30 days or less. Laboratory data was transmitted electronically through the USGS National Water Information System. The constituents from each parameter group and their reporting limits are in table 6. These reporting limits for some constituents are as much as 100 times less than those used for IDEM's analysis of January 2010 samples from private wells (table 7) . The NWQL treated each sample and each set of constituents in a parameter group individually. The NWQL used the field determinations data submitted with the analytical services request for each sample to identify the samples with levels of pH or specific conductance that indicated potential to degrade analytical equipment integrity and affect successive samples in the same analytical run. Laboratory analysts separated and analyzed these potentially contaminated samples with dilutions, based on the highest constituent concentration. The objective was to detect constituents present at the lowest reporting limits. If a sample was diluted for a specific set of constituents in that parameter group, the reporting limits were raised proportionally for the other constituents from that group analyzed in that sample. 
Quality-Control Samples
Routine laboratory procedures included QC samples for each analytical method, plus other measures completed as part of the NWQL quality-assurance plan (D.L Stevenson, U.S. Geological Survey, written commun., 2013; D.L. Stevenson and A.R. Barnard, U.S. Geological Survey, written commun., 2013). A total of 11 QC samples were prepared in the field or transported with water samples to provide measures of sample representativeness, reproducibility, and matrix interferences associated with analytical results. The QC samples were 3 trip blanks, 2 field blanks, 3 laboratory matrix-spike samples, and 3 sequential duplicates. Parameter groups analyzed in the different QC samples vary and are listed in table 8. 
Constituent
Reporting limt Units
Major ions
Constituent
Reporting limt Units
Aromatic volatile organic compounds-Continued Number of samples for each quality contol type is based on a ratio of 1 field blank and trip blank per sampling team and 2 sampling teams, plus 3 duplicates and matrix spikes per 10 water samples.
Groundwater Quality in Private Domestic Water-Supply Wells
Petroleum hydrocarbons, oil and grease, aromatic volatile organic compounds, methane concentrations greater than 8,800 micrograms per liter (μg/L), chloride concentrations greater than 250 mg/L, and gross alpha radioactivity greater than 15 picocuries per liter (piC/L) were reported in analysis of groundwater samples from 11 of the 29 private wells (table 9; fig. 3 ). The reference concentrations are explained in the following sections of the report. Two of the 11 private wells, PCEI-03 and PCEI-27, had water with petroleum hydrocarbons, oil and grease, aromatic volatile organic compounds, methane, and chloride greater than 250 mg/L. Groundwater from three private wells (PCEI-03, PCEI-04, and PCEI-24) had chloride concentrations greater than 250 mg/L and gross alpha radioactivity greater than 15 pCi/L.
As previously mentioned, the ATSDR protocol for the investigation used the presence of excessive gas bubbles and petroleum odor to qualify a maximum of 10 groundwater samples from the 29 private wells for analysis of petroleum hydrocarbons, polycyclic aromatic hydrocarbons, and dissolved gases. Of the 10 private wells that qualified (table 9) , total petroleum hydrocarbons were detected in groundwater from 8 private wells; oil and grease were reported in water from 10 private wells; and methane was reported in groundwater from all 9 of the private wells where petroleum hydrocarbons and oil and grease were detected. Volatile organic compounds were detected in groundwater from 15 private wells, including 5 samples that also contained petroleum hydrocarbons, oil and grease, and methane. Groundwater from PCEI-24 was not analyzed for these additional constituents because excessive gas bubbles and petroleum odor were not present. Groundwater samples from seven private wells where petroleum hydrocarbons and methane were not analyzed had excessive gas bubbles and some samples also had a petroleum odor in the water (table 3) . Because of the limits of this investigation, additional analytical data are not available to know whether petroleum hydrocarbons, polycyclic aromatic hydrocarbons, oil and grease, or dissolved gases (such as methane) were present in groundwater from these other seven private wells. 
Major Ions
Groundwater samples from all 29 private wells were analyzed for the dissolved major cations calcium, magnesium, potassium, and sodium; the major anions calcium carbonate, chloride, fluoride, and sulfate; and bromide and silica (table 10) . Total dissolved solids, generally representing the sum of dissolved cations and anions, were reported in all samples and ranged from 426 to 1,750 mg/L (median 600 mg/L). Total dissolved solids in 24 samples were greater than a common reference value of 500 mg/L, which is the U.S. Environmental Protection Agency (2015a) secondary drinking-water standard. Chloride was detected in all water samples and had a maximum concentration of 705 mg/L and a median of 76 mg/L. Chloride concentrations in five samples were greater than 250 mg/L, which is the U.S. Environmental Protection Agency (2015a) secondary drinking-water standard. One well, PCEI-24, had total dissolved solids, chloride, iron, and manganese concentrations in samples that exceeded the secondary drinking-water standards.
Trace Elements
Groundwater samples from all 29 private wells were analyzed for 23 dissolved trace elements; and each of these constituents was detected in at least 1 sample (appendix 1). Manganese concentrations in five samples exceeded a common reference value, the U.S. Environmental Protection Agency (2015b) secondary drinking-water standard of 50 μg/L. The median manganese concentration was 10 μg/L, four concentrations were greater than 100 μg/L, and the maximum concentration was 803 μg/L. Iron concentrations in nine samples exceeded the secondary drinking-water standard of 300 μg/L. The median iron concentration was 56 μg/L, five concentrations were greater than 600 μg/L, and the maximum concentration was 1,400 μg/L. Three private wells-PCEI-24, PCEI-26, and PCEI-28-had manganese and iron concentrations in samples that exceeded the secondary drinking-water standards.
Radioactivity
Analysis of 72-hour and 30-day gross alpha and gross beta radioactivity was completed for groundwater samples from 26 of the 29 private wells (tables 11 and 12). The 72-hour gross alpha radioactivity in PCEI-03, PCEI-07, and PCEI-24 was approximately twice that of a common reference value, the U.S. Environmental Protection Agency (2015b) maximum contaminant level of 15 pCi/L. The median gross alpha radioactivity from the 72-hour and 30-day analyses was 5.2 and 3.2 pCi/L, respectively. The analyses did not identify the elements that are the source(s) of the radioactivity.
Aromatic Volatile Organic Compounds and Polycyclic Aromatic Hydrocarbons
Groundwater samples from all 29 private wells were analyzed for 23 aromatic volatile organic compounds that were target analytes; there were three detections in the PCEI-26 sample: 0.37 μg/L ethylbenzene, 0.044 μg/L o-xylene, and 0.14 μg/L m-plus-p-xylene (appendix 1). In this analysis, two TICs were frequently detected: an estimated 0.1 to 0.2 μg/L carbon disulfide was detected in three samples, and an estimated 0.2 to 0.8 μg/L carbonyl sulfide was detected in nine other samples, including the sample from PCEI-26. Groundwater from PCEI-27 had an estimated 37.4 μg/L of 13 TICs and samples from four other wells had 0.1 to 2.5 μg/L of a TIC reported. Groundwater samples from 10 wells were analyzed for 17 polycyclic aromatic hydrocarbons and none were detected (appendix 1).
Petroleum Hydrocarbons and Dissolved Gases
Total petroleum hydrocarbons (sum of diesel oil range and motor oil range concentrations) were detected in water from 8 of the 10 private wells sampled and ranged from 281 to 1,100 μg/L (table 13). Concentrations of diesel oil range organic compounds (C10 to C28) were approximately 5 to 7 times greater than motor oil range organic compounds (C28 to C36). In the eight water samples with reported total petroleum hydrocarbons, estimated concentrations of hexaneextractable oil and grease also were reported and ranged from 2.2 to 4.5 mg/L. Field blank data indicated three samples with the lowest concentrations may include oil and grease as sampling artifacts.
Methane was the dominant dissolved gas detected in groundwater from all 10 private wells sampled (table 13). In nine of these samples, the laboratory noted the high amount of dissolved gas was a matrix interference for the analysis and estimated the concentrations could be greater than those reported, ranging from 8,800 to 24,000 μg/L. e Sample aliquot sized selected to keep the sample residues less than or equal to 100 milligrams before analysis; aliquots are reduced according to the dissolved solids present and the sample specific minimum detectable concentration adjusted accordingly. e Sample aliquot sized selected to keep the sample residues less than or equal to 100 milligrams before analysis; aliquots are reduced according to the dissolved solids present and the sample specific minimum detectable concentration adjusted accordingly. Table 13 . Petroleum hydrocarbons, oil and grease, and dissolved gases concentrations in groundwater from 10 private domestic water-supply wells in the study.
[E indicates estimated concentration higher than the method detection limit but lower than the reporting limit for all constituents except for methane; methane concentrations are estimated as biased low because of matrix interference. The following sites did not have a sample analyzed for petroleum hydrocarbons and dissolved gases: (prefix PCEI-) 01, 02, 07, 08, 09, 11, 12, 15, 16, 20, 22, 23, 24, 25, 26, 28, 31, 34. b All reported concentrations of hexane extractable oil and grease were estimated at less than the 5.0 milligrams per liter (mg/L) reporting limit; the maximum concentration in two field blanks was 2.4 mg/L, which means than three concentrations less than or equal to 2.5 mg/L may have oil and grease artifacts.
Quality-Control Samples
Analysis was completed for 11 QC samples, which included 3 trip blanks, 2 field blanks, 3 laboratory matrixspike samples, and 3 sequential duplicates (appendix 1). Trip blanks indicated no artifacts of aromatic volatile organic compounds or dissolved gases greater than the reporting limit were introduced into samples during storage or transportation. Field blanks indicated a potential for low-level artifacts of antimony in 2 samples, manganese in 1 sample, silver in 1 sample, and cobalt in 20 samples. Field blanks indicated a potential for low-level artifacts of hexane-extractable oil and grease in three samples, although the field blanks had no detectable silica gel-treated hexane extractable oil and grease or detectable petroleum hydrocarbons. One field blank had detections of the aromatic volatile organic compounds acetone and methyl ethyl ketone attributed to insufficient removal of methanol from equipment cleaning before the field blank. Detections of these two constituents in four water samples were considered to be artifacts. The three matrix-spike samples analyzed for aromatic volatile organic compounds had a median 93-percent recovery for all constituents and did not indicate a matrix interference that would affect the detections in the PCEI-26 sample. The percent recovery of three surrogate spike volatile organic compounds indicated no bias in analysis of blanks and duplicates. The duplicate samples indicated no systematic bias for trace elements. Hexane-extractable oil and grease and methane had a relative percent difference between duplicates of 25 and 31 percent, respectively, likely related to uncertainty in the concentrations.
Summary
Collection and analysis of groundwater samples from 29 private domestic water-supply wells was completed by the U.S. Geological Survey to support the Agency for Toxic Substances and Disease Registry (ATSDR) exposure investigation in southwestern Indiana during 2012. Groundwater samples were analyzed for parameter groups associated with petroleum production and oilfield brine, consistent with contamination of private wells in the study area identified by the Indiana Department of Environmental Management (IDEM). Methods and data for the water sample analyses are presented in this report, along with quality-control data that qualified the analytical data. Interpretation of the sources or implications of contamination are not included in this report.
At least 11 of the 29 private wells in the study had groundwater samples with petroleum hydrocarbons, oil and grease, aromatic volatile organic compounds, methane greater than 8,800 micrograms per liter, chloride greater than the 250 milligrams per liter (mg/L) secondary drinking-water standard, and gross alpha radioactivity greater than the 15 picocuries per liter maximum contaminant level. The protocol for the investigation used field observations of excessive gas bubbles and petroleum odor to identify a maximum of 10 private well samples to be analyzed for petroleum hydrocarbons, polycyclic aromatic hydrocarbons, and dissolved gases, which included 10 of these 11 private wells. The other private well, PCEI-24, had water with chloride greater than 250 mg/L and gross alpha radioactivity greater than 15 picocuries per liter, but the water was not analyzed for petroleum hydrocarbons, polycyclic aromatic hydrocarbons, or dissolved gases because excessive gas bubbles and petroleum odor were absent. Another seven wells that had water with excessive gas bubbles and petroleum odor were not able to be analyzed for petroleum hydrocarbons or methane because of the protocols of the investigation.
The data presented in this report measured the quality of groundwater from the 29 wells at one point in time in 2012. Groundwater from 7 of the 29 private wells had been sampled and analyzed by the IDEM in 2010. Total petroleum hydrocarbon concentrations in samples from four of the seven private wells in 2012 were similar to those reported by the IDEM in 2010, whereas the other three wells did not have samples analyzed for petroleum hydrocarbons in 2012. Chloride concentrations in water from all seven private wells for 2012 were similar to those reported by the IDEM for 2010. Groundwater quality from other private wells in this study area and in a larger geographic area of petroleum production in this part of Indiana, along with changes with time in this study area, cannot be described with the data from this investigation.
Connor, B.F., Rose, D.L., Noriega, M.C., Murtagh, L.K., and Abney, S.R., 1998, Methods of analysis by the U.S. Geological Survey National Water Quality Laboratory-Determination of 86 volatile organic compounds in water by gas chromatography/mass spectrometry, including detections less than reporting limits: U. The maximum cobalt concentration in two field blanks was 0.16 μg/L, so at least 20 concentrations less than or equal to 0.16 μg/L may have cobalt as an artifact.
b The maximum manganese concentration in two field blanks was 0.25 μg/L, so the one concentration less than 1.0 μg/L may have manganese as an artifact. The maximum silver concentration in two field blanks was 0.01 μg/L, so the one reported silver concentration less than 0.01 μg/L may have silver as an artifact.
d The maximum antimony concentration in two field blanks was 0.10 μg/L, so three concentrations less than 0.10 μg/L may have antimony as an artifact. 
